Two experiments were conducted with lambs fed concentrate-based diets to study the effects of dietary P and soil ingestion on performance, P utilization and mineral composition of serum and alimentary tract contents. In Exp. 1, 20 wether lambs were fed diets for 21 d in a 2 X 2 factorial arrangement of treatments with .2 or .3% total dietary P and Oor 9% added Florida Ultisol (highly weathered soil with high P-fixation capacity) containing 4,600 and 6,400 mg/kg total AI and Fe, respectively. True P absorption increased (P < .05) from 30 to 42% and from 37 to 54% when soil was added to the basal and high P diets, respectively. In Exp. 2, 24 wether lambs were assigned randomly to a 2 X 2 X 2 factorial arrangement of treatments. Lambs were fed during a 70-d period using diets described previously on either a restricted or an ad libitum basis. Soil increased Fe concentration in ruminal fluid (P < .05) and ash percentage (P < .001) in ruminal solids and feces. Aluminum concentration in ruminal solids and feces and Fe in ruminal solids were increased (P < .001) by soil addition, whereas concentrations of Ca, big, P, Zn, Cu and Mn in ruminal solids and feces were decreased (P < .01) by soil addition. There were time X P interactions on serum inorganic P (P < .O1) and Mg (P < .05) concentrations. Although high in P-fixing capacity, soil fed to lambs in these experiments improved P utilization. Lambs appeared to be able to adapt to changes in intake of dietary minerals in soil, possibly through adaptation of ruminal microflora or a redistr~ution of body mineral pools.
affect animal health and performance by influencing absorption of mineral elements; soil intake could increase or decrease the concentration or availability of minerals in various digestive fluids.
Phosphorus deficiency has been found frequently in animals grazing tropical areas around the world (Cohen, 1980) , including cattle grazing forages grown on soils with a high P-fixation capacity, such as Florida Ultisols (Kiatoko et al., 1982) . High concentrations of some soil elements such as A1, Fe and Mn in acid soils have been shown to have an adverse effect on P utilization by sheep fed P-deficient diets, but the effect of soil in combination with higher P intakes was not investigated (Ammerman et al., 1984) . Considering the important role of P in animal metabolism and the increasing cost of P supplementation, this interaction between ingested soil and P could be of great economic consequence.
The following experiments were conducted to study the effects of dietary P, soil ingestion and dietary intake level on performance, P utilization and serum and alimentary tract mineral concentrations in lambs. 
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Experimental Procedure
Exp erimen t 1. Twenty RambouiUet crossbred wethers, 48 kg average initial weight, were assigned randomly to four diets in a 2 x 2 factorial arrangement of treatments. Prior to the experiment, lambs had been fed approximately 800 g daily of a corn~soybean meal-cottonseed hull diet and grass hay ad libitum. The basal diet (Table 1 ) was supplemented with 0 or approximately 9% soil and 0 or .10% P (to provide concentrations of .20 and .30% total P on a DM basis). Total dietary P intakes were calculated to be either marginally deficient for lambs (.2% P) or adequate (.3% P; NRC, 1975) . Phosphorus was added as feed-grade monosodium phosphate and Ca as reagent-grade calcium carbonate to maintain a Ca:P ratio of 1.25:1. The soft, which is described in Table 2 , was a Florida Ultisol (highly weathered soft) with a high P-fixation capacity and was obtained from Escambia County in northwestern Florida from the 0-to 20-cm horizon. Soft was taken from a stand of slash pine (Pinus elliottii) estimated to be 17 yr old that had not been fertilized during that period of time. To assure a homogeneous mixture, air-dried soft was passed through a screen (sieve opening = 250/am) prior to incorporation into diets at 9.09% (100 parts basal diet, 85% DM + 10 parts soil, 98% DM). Sheep were confined to metabolism cages for 21 d. Feed was limited to 1,000 g/head daffy (as-fed) for diets not including soft, and 1,100 g/head daffy for 9% soil diets. Orts were collected daffy, sampled and analyzed for P. Tap water was continuously available. On d 7 of the experiment, a single dose of 5 mCi of a2p as carrier-free orthophosphoric acid was injected i.v. into each sheep. During the last 7 d of the study, total feces and urine were collected, measured and sampled daffy, and 10% aliquots were composited individually for each sheep. Feces were ground frozen in a blender, dried at 105~ for 24 h, ashed at 550~ and solubilized in He1. Feed samples were ground in a Wiley mill with a 2-mm stainless steel screen, dried and treated in a similar manner to feces. Urine was evaporated on a hotplate, ashed and solubilized as described previously. Isotope activity was determined by liquid scintillation counting ~ for serum and feces, and specific activity was corrected for isotope decay.
Stable P was determined in feed, orts, feces and urine by a colorimetric method (Harris and Popat, 1954) . Calcium, Mg, Cu, Fe, Zn, Mn and A1 were determined by flame atomic absorption spectrophotometry s (Perkin-Elmer, 1982) . Data were analyzed by two-way analysis of variance with the SAS System (1985) considering dietary P and soil addition as main effects and their interaction.
Experiment 2. Twenty-four commercial crossbred Rambouillet wether lambs, with an average initial weight of 35 kg, were assigned randomly to a 2 • 2 • 2 factorial arrangement of treatments. Factors included soil (0 or 9%), total dietary P (.2 or .3%) and dietary intake level (restricted or ad libitum). Soil and diets weights were recorded at the beginning of the experiment and at d 14, 28, 56 and 70 without fasting. Blood samples were collected via jugular puncture at the beginning of the experiment and at 14-d intervals thereafter; serum was frozen for mineral analyses. At the end of the trial, lambs were stunned and killed by exsanguination. RuminaI fluid was separated from ruminal solids by straining through six layers of cheesecloth, and both were frozen in plastic bottles for later analyses. Fecal samples were removed from the rectum and frozen in plastic bags.
Minerals in serum, feed, feces and ruminal fluid and solids were analyzed as described previously, except for feed P, which was determined by Technicon Auto Analyzer II 1~ following procedures recommended by the manufacturer (Technicon, 1978) . Statistical analysis of organic matter intake, average daily gain and mineral concentrations of ruminal fluid and solids and feces was done by analysis of variance with the General Linear Models procedure of SAS (1985) using a model considering dietary P, soil and dietary intake as main effects and all their interactions. Body weight and serum mineral concentrations were subjected to repeated measures in time analysis in which Mauchly's test for sphericity was used to determine if a univariate split-plot in time analysis was appropriate or multivariate analysis was necessary (SAS, 1985) .
Results and Discussion
Experiment 1. Addition of soil to the basal diet increased Fe concentration by five times and A1 concentration by nine times, thus contributing to the increased percentage of ash (Table 3 ). The quantity of AI was higher than the amount calculated (600/ag/g) based on total A1 analysis by Hatzell and Blue (1981) in Table  2 (4,600 gig/g). This discrepancy between calculated and actual A1 in diets was probably due to differences in methodology. HatzeU and Blue (1981) used Na2CO 3 fusion to determine total soil minerals, whereas diets in the present study were dry-ashed and solubilized in HC1. By this method, complete digestion of soil was achieved, so that both the active portion of the element as well as the stable A1 structural components of soil were detected. Calculated additions of P were verified by analysis to average .21 and .32% (DM), respectively, for the .2 and .3% total P diets. Calcium addition to the high P Phosphorus intake and fecal excretion were increased (P < .01) when additional P was included in the diet (Table 4 ). There was a non-significant decrease in P intake and fecal exceretion when soil was fed. Apparent P absorption was higher (P < .05) for sheep fed the diet with soil plus added P compared with the control. Metabolic fecal P excretion (P < .01), and, consequently, true P absorption (P < .05) were higher for treatments with added soil plus P than for the control or the treatment with soil only. Urinary P tended (P < .10) to be higher when soil plus P were added to the diet compared with the basal diet but did not differ from the diets with either additional soil or P alone. Phosphorus net retention was positive for all treatments and tended (P < .10) to be higher for diets to which P was added. The high P-fixing capacity of the soil may have adsorbed P in the neutral or acidic conditions of the rumen or abomasum and then released P in the small intestine under alkaline conditions where it could be absorbed and utilized by the animal.
The increase in total fecal P excretion, which was related to P intake in the present study, was expected (Cohen, 1980) . Metabolic fecal P excretion also has been reported to be related directly to P absorption (Valdivia et al., 1982) . These researchers reported true P absorption values of 29 and 33% in diets for sheep containing .15 or .29% P, respectively. Ammerman et al. (1984) found decreased true P absorption when one Oxisol (highly weathered soil dominated by hydrous oxides of Fe and AI) containing 300 mg/kg P was fed to sheep at a level of 10% compared with another Oxlsol or sand, but concentrations of Fe (1,200 mg/kg) and AI (7,500 mg/kg) in that study far exceeded those used in the present study. The P content of their diets also averaged only .155%, compared with .2 and .3% in the present experiment. Addition of .2% A1 to diets that contained either .15 or .29% P has decreased true P absorption and retention in sheep (Valdivia et al., 1982) . Absorption and retention of P in sheep fed 900 g DM daily as dried grass were improved over controls when 100 g brown loam containing .46% P was administered as a drench, but not when silt loam (.08% P) was given (Grace and Healy, 1974) . When sheep were fed only 600 g DM daily there also tended to be an increase in P absorption and retention in sheep drenched with 100 g of the brown loam, but not with the silt loam.
Experiment 2
Animal Performance. Multivariate analysis was used for body weight data over time (Table  5) . Time had linear (P < .001), quadratic (P < .05) and cubic (P < .001) order components. There was a linear time x intake interaction (P < .001) in which body weight increased at a greater rate in lambs fed ad libitum. With the cubic time X P interaction (P < .01), lambs fed additional P averaged .7 kg greater body weight at 14 and 70 d, but only .3 kg greater weight at 42 d. There was a cubic time x soil interaction (P < .01). Lambs not fed soil had initial body weights that were .68 kg greater than those of
lambs fed soil. This difference in average body weight increased to 1.2 kg at 14 d, indicating the initial detrimental effect of soil ingestion; however, the difference was only .25 kg at the end of the experiment, indicating that lambs adapted to ingestion of soil. This may have been adaptation on the part of the ruminal microfiora, as well as adjustment of the body mineral pools, which were approaching steady state conditions by the end of the 70-d study. Lambs fed ad libitum had 27% greater (P < .01) daily organic matter (OM) intakes than restricted-fed sheep (1,130 vs 885 g), but dietary P or soil had no effect on intake (Table  5 ). There was a P • soil interaction and a three-way interaction (P < .01) on OM intake. The depressing effect of soil on feed intake and subsequent gain by sheep fed ad libitum was overcome by added P. Ad libitum feeding improved average daily gain (138 vs 80 g; P < .01) compared with restricted-fed lambs. Addition of P to the diet with soil tended (P = .06) to improve average daily gain. Only sheep fed the .3% P diet ad libitum consumed an amount of P (3.7 g daily) considered adequate by the NRC (1985) for 40-kg lambs (3.3 g); however, that requirement is indicated for lambs gaining at a rate of 275 g/d, which is at least 100 g/d greater than gains observed in the present study. Diets used in this study contained 26% cottonseed hulls and were not intended to produce maximal gains. Valdivia et al. (1982) reported improved feed intake and gain for sheep when diets containing .15% P were supplemented with .14% P for 56 d. When a diet containing .17% P was supplemented with .25% P, average daily gain of sheep also was improved (Rosa et al., 1982) . Standish et al. (1971) found an adverse effect of high dietary Fe (1,000 mg/kg) on feed intake and gain and reported that increasing P from.17 to .23% did not totally overcome this condition in steers. Rosa et al. (1982) found a depressing effect of Fe (760 mg/kg) on gain by sheep but observed that additional P (.25%) added to the basal diet (.17% P) improved feed intake and gain.
Alimentary Tract Minerals. Addition of soil to the diet increased (P < .05) concentration of Fe in ruminal fluid from 4.84 + .57 to 9.32 + 1.76/~g/ml and tended to increase (P = .08) A1 from 31.7 + 3.8 to 46.2 + 5.6 pg/ml (data not shown). However, soil addition decreased (P < .05) Mn concentration in ruminal fluid from 2.00 + .26 to 1.19 -+ .18/ag/ml and tended to decrease (P = .07)Zn from 3.15 + .64 to 1.99 + .24 lag/ml. Ad libitum feeding increased (P < .05) ruminal fluid Mn concentration from 1.21 -+ .19 to 2.06 + .31 lag/ml. Additional dietary P and, consequently, Ca to maintain a constant Ca:P ratio tended to increase (P = .17) P and Ca concentrations in ruminal fluid from 1,242 + 70 to 1,388 -+ 57 lag/ml and from 66 --+ 19 to 101 -+ 22 lag/ml, respectively. Magnesium and Cu concentrations in ruminal fluid averaged 51 -+ 8 and .60 -+ .04 lag/ml and were not affected (P > .10) by treatment (data not shown).
Concentrations of Zn, Mn, Cu and Fe in ruminal fluid of sheep fed corn silage (Ivan et al., 1983) were similar to those in the present study. Durand and Kawashima (1980) also reported similar concentrations of P, Mg, Cu, Zn, Fe and Mn in ruminal fluid of sheep fed diets containing concentrations of these elements similar to those used in the present study. Witt and Owens (1983) reported increased ruminal P concentrations in sheep and steers fed sodium phosphate added to P-deficient diets (.064 and .067% P, respectively). Clark (1953) reported mean blood inorganic P, salivary P and ruminal P concentrations of 3.1, 10 and 34 mg/dl, respectively, for P-deficient cattle and 4.4, 18 and 40 mg/ dl in cattle supplemented with bone meal; P concentrations of the two diets were not reported. Addition of Ca to diets of sheep had a depressing effect on soluble inorganic P in ruralhal fluid (Yano and Kawashima, 1979) , which may explain, in part, why .1% additional dietary P did not greatly increase ruminal fluid P concentration in the present study. Healy (1970 Healy ( , 1972b ) added a coarse sandy loam to ruminal fluid of sheep and found little change in concentrations of Mg and P but large increases in A1 and Fe. In genera/, only soluble forms of the mineral elements could be expected to greatly increase ruminal fluid mineral concentration; therefore, it would be more difficult for minerals in the soil structure to be released to any great extent in the tumen.
Feeding soil increased (P < .001) concentration of ash in ruminal solids from 3.32 + .12 to 5.75 + .23%; consequently, mineral composition was expressed on an ash weight basis rather than on a DM basis (Table 6 ). Feeding soil decreased (P < .001) concentrations of P, Ca, Mg, Zn, Cu and Mn but increased concentrations of Fe (P < .001) and Al (P < .01). Ad libitum intake increased concentrations of P (P < .01), Mg (P < .01) and Zn (P < .05) in ruminal solids compared with restricted feeding. There also was an intake x soil interaction (P < .01) on Mg concentration of ruminal solids in which ad libitum feeding increased Mg concentration to a greater extent in diets that did not contain soil. Allen et al. (1986) also reported large increases in A1 and Fe in ruminal contents of lactating beef cows fed diets containing 10% silt loam for 56 d. However, these workers did not separate animal fluid from solids, and their diets also contained twice the concentration of Fe as the diets fed in the present experiment. Ruminal contents from steers fed diets containing soil averaged 3,160 and 2,170 lag~g, (air-dry basis) for A1 and Fe, respectively; however, these researchers provided no indication of the amount of DM or ash in the ruminal samples. When soil was fed to sheep for 10 wk, darkcolored deposits containing P, Ca, Fe, A1, Mg, Mn and Ti were formed on ruminal epithelium (Healy and Wilson, 1971) . Similar discolorations were observed in lambs fed soil in the present study, but no attempt was made to analyze constituents of deposits; however, they may account for the decrease in some mineral concentrations in ruminal solids and feces of soil-fed lambs.
Addition of soil to diets also increased (P < .001) ash content of feces from an average of 5.65 + .28 to 30.54 -+ 1.54%; thus, fecal minerals also were expressed on an ash weight basis (Table 7) . Feeding high P diets decreased fecal concentrations of Mg (P < .001), Fe (P < .01) and Mn (P < .001) but increased fecal concentration of Ca (P < .001). High P diets also contained additional Ca to maintain the Ca:P ratio. Feeding soil decreased (P < .001)fecal concentrations of P, Ca, Mg, Fe, Zn, Cu and Mn and increased (P < .001) the concentration of Al. There was a P x soil interaction (P < .001) on fecal concentrations of Mg and Mn. The concentration of both Mg and Mn was greater in fecal ash of lambs fed basal P diets compared with high P diets, but feeding soil decreased concentrations of both elements. There also was a P • soil interaction (P < .01) on fecal Ca concentration in which soil decreased Ca, but the concentration of this element was greater in high P diets than in basal diets. There were similar three-way interactions for Mg (P < .005) and Mn (P < .01). With the basal diet, ad libitum feeding decreased both elements in the absence of soil but increased their concentrations in the presence of soil. With the high P diet, the opposite occurred.
The increased fecal ash content with soil ingestion is in agreement with Healy (1968). ,6 "" Grace and Healy (1974) fed sheep at two levels of DM intake (600 or 900 g) in conjunction with two soil types, a silt loam and a brown loam. At the lower intake level, both soils 9 decreased fecal Mg and Ca concentrations, which increased apparent absorption of both elements. At the higher feeding level, only brown loam decreased fecal Ca, Mg and P excretion, consequently 9 apparent absorption of those elements.
We hypothesized that increasing feed intake level would increase the amount of nutrients available for absorption and overcome any possible detrimental effects of soil. Dry matter intake was 27% greater in lambs fed ad libitum; therefore, mineral intake also was greater. Mineral concentrations of ruminal fluid and solids tended to be greater in lambs fed ad libitum. Feeding soil increased Fe and AI concentrations in ruminal solids and A1 in feces, whereas concentrations of other elements decreased. The decrease in mineral concentration was due, at least in part, to dilution by the greater mass of material in the gastrointestinal tract from the additional 9% soil. With the exception of Fe, minerals introduced into the tureen as a component of soil appeared to be relatively insoluble at the pH found there. As chyme moves from the abomasum to anus, concentrations of the elements (on a DM basis) increase, whereas the soluble fraction available for absorption decreases, as a function of pH (Annenkov, 1979) .
Some soluble minerals in the digestive tract may have been adsorbed to the soil and thus contribute to fecal concentrations of the elements. Healy (1972b) found that high phosphate-fixing soils decreased P concentration in ruminal liquor by 20 to 30%. However, Hsu (1965) indicated that adsorption of an element by soil is chemical in nature and that physical adsorption should not be considered a fixation process. Therefore, some of the elements may have been adsorbed to soil components in the rumen or abomasum and release in the small intestine and absorbed by the animals.
Serum Minerals. Mauchly's test for sphericity (SAS, 1985) was not significant, indicating that a univariate split-plot analysis was appropriate to determine the effects of time and dietary treatments on serum mineral concentrations. There were significant quadratic and cubic order time effects on serum inorganic P and a quadratic order (P < .01) time effect on serum Mg. Figure 1 illustrates the cubic time • P interaction (P < .01) on serum inorganic P, in which lambs fed the basal P diets had a greater increase or decrease in serum inorganic P over time than did lambs fed additional P. Lambs fed soil tended (P < .06) to have lower serum inorganic P concentrations between 0 and 28 d but appeared to recover to initial values by 42 d, especially in those fed .3% P.
The time x P interaction (P < .05) for serum Mg had significant quadratic and cubic order components (Figure 2 ). Lambs fed additional P continued to experience a decline in serum Mg until 56 d, after which serum Mg concentration increased. Lambs fed the basal P diet showed a rapid decline in serum Mg between 0 and 14 d, then recovered to about 95% of their initial concentration by 28 d.
There was a quadratic time interaction (P < .01) as well as a four-way interaction (P < .05) with a linear time component on serum Ca (Figure 3 ). When soil was added to the basal P diet, there was little change in serum Ca as time increased; but with the high P diet, soil ingestion increased serum Ca concentration from 28 to 56 d, after which Ca declined to initial values. In view of the fact that high P diets also contained additional Ca, it was expected that serum Ca concentration also would be greater when that diet was fed, but just the opposite occurred.
2.5~
In a previous study, when sand or two soils were fed to sheep for 21 d, the more acidic soil, which contained a greater concentration of exchangeable Al and had greater P-fixation capacity, resulted in a greater serum inorganic P concentration than did the other two diets, but serum Ca and Mgwere not affected (Ammerman et al., 1984) . Additional dietary P increased serum inorganic P concentration in sheep (Valdivia et al., 1982) and calves (Teh et al., 1982) , but this was not found in the present study or in the study by Rosa et al. (1982) , in which sheep were fed diets containing .17 or .42% P. Feeding added soluble Al at 1,450 or 2,000 mg/kg (Rosa et al., 1982; Valdivia et al., 1982) decreased serum Mg, as did feeding soil in the present study. These researchers found no effect of Al on serum Ca concentration, which was depressed by feeding soil in our experiment. Allen and Fontenot (1984) reported decreased serum Mg in sheep when 2,000 mg A1/kg as citrate was fed to sheep, but there was no difference when A1 as sulfate or chloride was fed. None of the A1 sources affected serum Ca concentration. Allen et al. (1986) reported decreased serum Mg and P when 2,000 mg Al/kg as citrate was fed to cows for 56 d; however, feeding soil that provided a similar dietary concentration of AI increased serum Ca concentration but had no effect on serum Mg or P.
The early decline in serum P concentration in lambs fed soil was overcome by the end of the 70-d trial, indicating a possible adaptation to the change in dietary mineral composition brought about by soil addition. By the end of the 70-d trial, lambs fed either level of P had similar P concentrations in serum and feces. In diets without soil, feeding P increased excretion of Ca in feces, consequently decreasing the serum Ca concentration. Added P decreased fecal Mg excretion; however, serum Mg concentrations also were considerably lower until the end of the trial. The concentrations of AI and Fe in diets containing soil were greater than the maximal tolerable levels for these elements (1,000 and 500 mg/kg, respectively) suggested by NRC (1980) . The adaptive capacity of ruminal microflora makes estimates of toxic dietary levels uncertain (Durand and Kawashima, 1980) . As observed in our experiment and earlier experiments (Rosa et al., 1982; Valdivia et al., 1982; Ammerman et al., 1984) , the effect of minerals in soil, especially Fe and A1, was much less pronounced than the effect from feeding soluble forms of these elements in the same quantity. The potential for a beneficial effect from supplementation of P to ruminants grazing borderline P-deficient forages under conditions conducive to unavoidable soil ingestion may depend on the composition and structure of the soil that is consumed. Lambs appeared to be capable of overcoming detrimental effects of soil ingestion, possibly by adaptation of ruminal microflora or redistribution of body mineral pools, which appeared to be approaching steady state conditions by the end of the 70-d trial.
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